There is a special need for the development of new rapid microbial detection methods for medical diagnosis and the food industry. Existing rapid methods include the direct epifluorescent filter technique (10), microcolony epifluorescence microscopy (13), the filter fluorescent antibody technique (3, 21), PCR (17, 19) , ATP photometry (4), enzyme immunoassay (EIA) (1), and the lux gene recombinant bacteriophage technique (15).
There is a special need for the development of new rapid microbial detection methods for medical diagnosis and the food industry. Existing rapid methods include the direct epifluorescent filter technique (10) , microcolony epifluorescence microscopy (13) , the filter fluorescent antibody technique (3, 21) , PCR (17, 19) , ATP photometry (4), enzyme immunoassay (EIA) (1) , and the lux gene recombinant bacteriophage technique (15) .
Lactic acid bacteria are the main spoilers of beer in brewing. As Lactobacillus brevis is a common brewery contaminant (12) and rapidly proliferates in beer, it is considered to be a suitable indicator for monitoring spoilage during the brewing process or of the final product by lactic acid bacteria. The conventional plating method requires 4 to 7 days of incubation due to the slow growth rate of the lactic acid bacteria. Thus, a rapid detection method is required. A rapid method for use in breweries should be specific and sensitive, because brewing yeast is used in the fermentation and lagering processes, and a contamination level of even one cell of a beer spoiler per bottle is not tolerated in the final draft beer product. The rapid methods described above are not efficient enough for the detection of L. brevis in the brewery. These methods have various practical drawbacks, such as low sensitivity and specificity, labor intensity, a lack of quantitativity, and difficulty in the development of an automatic analysis.
Photon-counting imaging devices have been developed and applied to biology over the last decade for the visualization of light in two dimensions (22) . Single cells of luminous bacteria have been detected (7) , and an attempt to detect single cells of Escherichia coli by chemiluminescent enzyme immunoassay (CLEIA) was made (8) with a photon-counting imaging system without a microscope. Light emission techniques are highly sensitive, and of the various methods reported, the following two enhanced chemiluminescence methods are outstanding in terms of sensitivity and practical applicability: (i) the horseradish peroxidase (HRP)-luminol-hydrogen peroxide system enhanced by firefly luciferin or compounds based on substituted phenol structures such as 4-iodophenol (16, 20) and (ii) the alkaline phosphatase-adamantyl 1,2 dioxetane phosphate derivative system with enhancers such as cetyltrimethylammonium bromide and 5-N-tetradecanoyl aminofluorescein (11, 14) .
HRP has a low molecular weight and high activity and is readily available and suitable for use in EIAs. Ishikawa et al. (6) developed the maleimide hinge method for labelling an antibody with an enzyme. This conjugation method is the most efficient because the conjugates obtained have low levels of nonspecific binding. Antibodies labelled by HRP by the maleimide hinge method contain only one molecule of HRP per conjugate and have been reported to be ideal conjugates with minimal nonspecific binding (5) .
CLEIA in which a photon-counting television system is used, together with HRP-labelled antibodies prepared by the maleimide hinge method, is a promising method which satisfies all the criteria described above for the detection and quantification of L. brevis.
Analysis of the cell surface of L. brevis strains has shown that most strains possess immunologically heterogeneous S-layer proteins and that no common antigen is present on their cell surfaces (23) . Further work has shown that the Lactobacillus group E antigen, the common L. brevis antigen, is located beneath the S-layer proteins. However, treatment of the cells with 0.1 M NaOH for 5 min removes the S-layer proteins, and the group E antigen is successfully exposed at the cell surface (24) .
In this study, we describe a novel method for the detection and quantification of L. brevis single cells trapped on a 47-mm diameter polycarbonate membrane (0.4-m pore size). According to this method, a photon-counting imaging system, without the use of a microscope, visualizes the light emitted by the dilute alkali-treated single cells by enhanced chemiluminescence with the HRP-labelled group E antibody prepared by the maleimide hinge method. The application of this method to detect microcolonies formed on the membrane is also described.
MATERIALS AND METHODS
Strains and cultivation. Our brewery isolate, L. brevis L63, was used as the test strain in this study. This strain was identified as belonging to L. brevis by 16S ribosomal DNA characterization as described previously (24) . Intact cells of L. brevis JCM1170 which were shown to be S-layer deficient (23) were used for the preparation and affinity purification of the Lactobacillus group E antibody. Strains were cultivated in M-NBB medium (9) at 25°C for 3 days.
Preparation and affinity purification of the Lactobacillus group E antibody. The antiserum against the Lactobacillus group E antigen was raised by innoculating whole cells of L. brevis JCM1170 into rabbits, as described previously (24) . The antiserum was diluted 40 times with saline and mixed with whole cells of L. brevis JCM1170 at a concentration of 50 mg of whole cells/1 ml of diluted antiserum. After 30 min of incubation at 37°C, the mixture was centrifuged and the pellet was washed twice with saline. To elute antibody bound to the cells, the pellet was treated with 1 M MgCl 2 at a concentration of 40 mg of pellet/1 ml of MgCl 2 solution for 30 min at 37°C. The supernatant obtained by centrifugation was dialyzed with saline. Immunoglobulin G (IgG) was then purified with Mab Trap G (Pharmacia LKB, Uppsala, Sweden) according to the manufacturer's instructions. The IgG fractions were concentrated by ultrafiltration, and 4.5 ml of Lactobacillus group E antibody (IgG concentration, 19.3 mg/ml) was obtained.
Labelling of the Lactobacillus group E antibody with peroxidase. The affinitypurified group E antibody-peroxidase conjugate was prepared by the maleimide hinge method developed by Ishikawa et al. (6) . F(abЈ) 2 of the group E antibody obtained by digestion of the whole antibody with pepsin was reduced to FabЈ and conjugated to HRP with N-succinimidyl-6-maleimidohexanoate (Dojindo Laboratories, Kumamoto, Japan).
CLEIA technique. (i) Detection of single cells. A culture of L. brevis L63 was diluted 1/10 6 with sterile water and 25 to 250 l of the diluted culture (levels of 10 1 to 10 2 cells) was added to bottles of Japanese commercial beer (633 ml each). The artificially contaminated beer (633 ml per sample) was filtered through a nucleopore membrane filter (47-mm diameter and 0.4-m pore size; Nomura Microscience, Tokyo, Japan). The membrane, on which the L. brevis cells had been trapped, was treated with 0.1 M NaOH for 5 min to remove the S-layer protein and expose the group E antigen to the cell surface. The membrane was washed three times with sterile water and then incubated with the immunoblocking solution Block Ace (Snow Brand Milk Products Co., Sapporo, Japan) for 30 min. The antigen-antibody reaction was performed for 2 h with the 1/640-diluted group E antibody-peroxidase conjugate. Saline solution was used to dilute the Block Ace, and 1/10-diluted Block Ace was used to dilute the conjugate. After reaction with the conjugate, the membrane was washed three times (for 15, 5, and 5 min, respectively) with 1/10-diluted Block Ace containing 0.2% Tween 20.
All procedures described above were performed at room temperature, and all treatments, reactions, and washing processes were performed by placing the membrane on a filter pad soaked with 1 ml of the appropriate solution so that the reactions were carried out through the pores of the membrane. With the exception of the NaOH treatment and the sterile-water-washing processes, all reactions and washes were performed while the membrane was shaken in a sealed box to prevent the evaporation of the solutions.
Next, the membrane was placed on a camera stage on which a 50-l drop of substrate solution had been spread. The substrate solution was a mixture of 2.1 mM luminol, 1.9 mM 4-iodophenol, and 1.9 mM hydrogen peroxide in 0.2 M Tris-HCl (pH 8.5) containing 0.1% bovine serum albumin. The chemiluminescence produced from the membrane was detected and imaged with a photon-counting imaging system consisting of an ultrasensitive photon-counting CCD camera (model C2400-20H) equipped with a fiber optics image intensifier (Hamamatsu Photonics, Hamamatsu, Japan) and an image processor (model ARGUS50CL; Hamamatsu Photonics). Although chemiluminescence was detectable for up to 1 h after the reaction, prolonging photon-counting time produced little improvement in the signal-to-noise ratio. Therefore, the photoncounting time was set at 5 min. The images were accumulated in a 16-bit frame buffer for display on a monitor in real time. The luminescent spots were counted with the particle analysis command of the ARGUS50CL. A grey image of 512 by 483 pixels by 16 bits was obtained and displayed by 8 bits (bit range, 0 to 4 of the 16-bit image). The threshold grey value (level ϭ 18, width ϭ 13) was set to segment the digitized image of 256 grey levels into a binary image. The binary image was further processed by the basic grey transformation of dilation, and then the transformed image was smoothed with a 3-by-3 (pixels) median filter. Small particles occupying less than 2 pixels of space were removed with an erase dot filter. Then, the particles remaining in the 35-mm diameter area of the membrane where the beer had been filtered were counted.
(ii) Detection of microcolonies. The same procedure we used for the detection of single cells was applied to the detection of microcolonies, with the following four modifications. (i) The membrane was cultured on an M-NBB agar plate for 15 to 18 h after sample filtration to form microcolonies. (ii) The incubation time for the antigen-antibody reaction was reduced to 30 min. (iii) The photoncounting time was reduced to 1 min. (iv) The number of luminescent spots of the images (display of bit range 0 to 6 or 0 to 7 of a 16-bit frame buffer) was counted manually the same way the colonies formed on agar medium were counted.
Counting efficiency of the microcolony technique. A bottle of beer (633 ml) spiked with 50 l of a 1/10 6 dilution of L. brevis culture was filtered through the membrane. Eight membranes were prepared, and four were cultured on M-NBB agar plates for 3 days to form colonies. The remaining four membranes were cultured on the agar plates for 16 h and subjected to CLEIA analysis after dilute alkali treatment. Our preliminary study showed that microcolonies of about 20 m in diameter were formed after 16 h of cultivation.
Detection of L. brevis in pitching yeast samples was also investigated. A 150-l volume of a 1/10 5 dilution of L. brevis culture was added to 30 ml of pitching yeast containing 1.22 ϫ 10 9 cells/ml. After the addition of 120 ml of 1/15 M phosphate buffer (pH 7.0), the L. brevis-contaminated yeast suspension was stirred for 5 min at room temperature. The yeast suspension was centrifuged at 150 ϫ g for 5 min, and then 10 ml of the supernatant (corresponding to 100 l of a 1/10 6 dilution of L. brevis culture) was filtered through the membrane. Twelve membranes were prepared, and six membranes were cultured on M-NBB agar plates containing 100 ppm of cycloheximide for 3 days to form colonies. Of the remaining six samples, three membranes were cultured for 15 h and the other three were cultured for 18 h. These six membranes were subjected to CLEIA analysis after dilute alkali treatment.
Microscopic observation of the luminescent spots. After the chemiluminescence reaction, the membrane was washed with distilled water. Then, it was stained with 0.5% acridine orange solution (50 mM phosphate-citrate buffer [pH 5.0] containing 5 mM MgCl 2 and 2% NaCl) for 1 min and washed twice with distilled water. The membrane was put onto a glass slide with immersion oil, and all fields of the membrane were observed under incident blue light with a fluorescence microscope equipped with an automatic scanning stage (Microscanner; Sapporo Brewery Co., Tokyo, Japan). An objective lens with a magnification of 20 (total magnification, 200) was used. The coordinates at which single cells were observed were recorded and compared with the coordinates of the luminescent spots obtained from the photon-counting image.
RESULTS

Preliminary investigations.
In order to carry out the imaging of chemiluminescence from single cells, we initially used the same type of photon-counting television camera (model C2400-20H; Hamamatsu Photonics) mounted in a closed box as that used by Masuko et al. (8) for the detection of single cells of E. coli. Our investigation showed that the camera system was unable to image the light from the single cells due to a lack of sensitivity. Therefore, we tested a modified camera system with a charge-coupled device (CCD) camera (model C2400-20H) equipped with a fiber optics image intensifier. The fiber optics image intensifier was mounted directly on the camera stage where the nucleopore membranes were set so that chemiluminescence was effectively detected by the camera. This camera system was found to be 2.9 times more sensitive than the former camera system and was used in further investigations.
Photon-counting images of single cells and the relationship between CLEIA and plate count. Samples of 25, 50, 100, 150, 200, and 250 l of an L. brevis culture diluted 1/10 6 were added to 633-ml samples of beer, and the L. brevis-contaminated beer was then filtered through a nucleopore membrane filter. As a control, uncontaminated beer was filtered. Four membranes were prepared at each contamination level; two samples were VOL. 63, 1997 IMAGING OF L. BREVIS SINGLE CELLS AND MICROCOLONIESsubjected to CLEIA analysis, and the other two samples were anaerobically incubated on agar plates at 25°C for 3 days. Typical images obtained by photon counting are shown in Fig.  1 (bit range, 0 to 4 images of a 16-bit frame buffer). Although luminescent spots were detected in the control beer sample (Fig. 1a) containing no L. brevis, the number of luminescent spots increased in line with the amount of the diluted L. brevis culture added to the beer (Fig. 1b, c, and d) . Light emission around the edge of membrane was detected in all samples. This was not produced by L. brevis, because the diameter of the actual filtration area was 35 mm of the 47-mm diameter membrane, and therefore no L. brevis cells were present at the edges. As the edges of the membranes were very lumpy, the light emission from the edges was thought to be due to nonspecific binding by labelled antibody which had not been removed by washing. The luminescent spots obtained by photon counting were counted as described in Materials and Methods, but the luminescent spots at the edges of membranes were omitted for the reason described above. The correlation between the plate count and CLEIA is shown in Fig. 2 . The regression equation was y (CLEIA) ϭ 0.990x (plate count) ϩ 15.9 (r ϭ 0.993, P Ͻ 0.001). This result strongly suggests that L. brevis single cells were present at the luminescent spots. The number of luminescent spots obtained from the two beer samples without L. brevis contamination were 15 and 18, respectively, indicating that a mean of 16.5 luminescent spots was produced as background.
Verification of the luminescent spots by microscopy. To confirm that L. brevis single cells were being detected as luminescent spots in CLEIA analysis, we stained the membrane with acridine orange after CLEIA analysis and observed the membrane with a fluorescence microscope equipped with an automatic scanning stage. Figure 3a shows the photon-counting image obtained when the luminescent spots were numbered manually (bit range, 0 to 4 image of a 16-bit frame Fig. 3b , c, and d, respectively. This microscopic observation proved that our CLEIA method can be used to detect chemiluminescence from L. brevis single cells.
Application of CLEIA for the detection of microcolonies. In the detection of single cells by CLEIA, background luminescence is generated (15.9 from the regression equation) which is indistinguishable from that produced by single cells. For the detection of 10 0 levels of contamination in a brewery sample, the signal intensity must be increased. Therefore, we studied the use of CLEIA for the detection of microcolonies formed on the membrane filter. We called this method of detecting microcolonies by CLEIA the microcolony immunoluminescence (MIL) method.
(i) Beer samples. Figure 4 shows a typical photon-counting image of L. brevis microcolonies formed after 16 h of cultivation (bit range, 0 to 6 image of a 16-bit frame buffer). In comparison with that in single-cell detection, the luminescence intensity of the spots was increased. Detection of the luminescent spots formed by the microcolonies in an image of higher bit range resulted in an improved signal-to-noise ratio. The number of luminescent spots detected by the MIL method (mean, 27.50; standard deviation, 2.52) was in good agreement with the colony counts obtained by the plate culture method (mean, 24.75; standard deviation, 5.56) (n ϭ 4; P Ͼ 0.05).
(ii) Pitching yeast samples. 
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between the MIL method (mean, 57.33; standard deviation, 10.09) and the plate culture method (mean, 57.83; standard deviation, 6.15) (n ϭ 6; P Ͼ 0.05). Figure 5a shows a typical photon-counting image obtained after 18 h of incubation (bit range, 0 to 7 image of a 16-bit frame buffer). After photon counting, this membrane was stained with acridine orange and observed with a fluorescence microscope equipped with an automatic scanning stage. Photographs of L. brevis microcolonies observed at positions 2 and 36 are shown in Fig. 5b and c. Although the microcolony at position 2 was compact (Fig. 5b) , the microcolony at position 36 (Fig. 5c ) was broken. Many broken microcolonies were observed during microscopic observation. The broken microcolonies are characteristic of the pitching yeast samples and were never observed in beer samples. By scanning all fields of the membrane, we detected 65 acridine orange-stained L. brevis microcolonies at the same positions where the luminescent spots were detected. This result indicates that the correlation between microscopic observation and the MIL method was direct. Yeast cells stained green and yellow and were observed in many fields of the membrane; however, these yeast cells did not inhibit the detection of L. brevis microcolonies by the MIL method.
DISCUSSION
Enhanced CLEIA, with D-luciferin as an enhancer, was first described in 1983 by Whitehead et al. (20) , and its application in the detection of bacteria was predicted. Since then, improved enhancers have been reported, such as 4-iodophenol (16) . In 1991, Masuko et al. (8) reported a preliminary study for the imaging of single bacterial cells by enhanced CLEIA with a photon-counting television camera. According to this method, E. coli cells were labelled by a two-step antigen-antibody reaction. The labelled E. coli cells were then filtered through a membrane and subjected to photon counting. Masuko et al. reported that single cells were imaged, but the possibility that their results were due to the agglutination of cells caused by the primary antibody reaction cannot be ruled out.
Our study has demonstrated clearly that single bacterial cells can be imaged by enhanced CLEIA with a photon-counting system. Moreover, CLEIA was successfully used for detecting and quantifying microcolonies. The success of our immunoassay is due to the use of a nucleopore membrane, labelled antibody prepared by the maleimide hinge method, and a CCD camera equipped with a fiber optics image intensifier. The use of a nucleopore membrane enabled the antigen-antibody reaction of the single cells or microcolonies trapped on the membrane to proceed through the membrane pores. As this membrane has a thickness of about 10 m, which is 1/10 the thickness of a nitrocellulose membrane, a low background level of noise was observed due to a reduction in the amount of labelled antibody which remained unwashed. Antibody prepared by the maleimide hinge method was the only labelled antibody suitable for our assay, because of its low nonspecific binding characteristics. The ultrahigh sensitivity of a photoncounting camera equipped with a fiber optics image intensifier was essential for the imaging of single cells.
The excellent correlation between the number of luminescent spots and the plate counts (Fig. 2 ) strongly suggested that L. brevis single cells were imaged. It was then demonstrated directly by microscopic observation that single cells were at the same positions as the luminescent spots (Fig. 3) . The background luminescence (15.9 from the regression equation) was also detected in this CLEIA. The same level of background noise was observed when a membrane which had not been used to filter beer was subjected to this CLEIA and when HRP-labelled anti-rabbit IgG or HRP was used instead of the HRP-labelled group E antibody (data not shown). These results indicate that there is some nonspecific binding of the antibody-HRP conjugate to the filter.
The detection limit of our CLEIA method was approximately 20 L. brevis cells in 633 ml of beer and is good compared to those of the numerous rapid detection methods that have been reported (2, 4, 21, 25) . Moreover, the procedure is relatively simple, and a period of only 4 h is required for this CLEIA (15 min for the concentration of L. brevis on the membrane, 3.5 h for dilute alkali treatment of cells and antigenantibody reaction, and 15 min for detection and quantification). PCR is considered to be the only rapid assay with a level of sensitivity equal to that of our CLEIA method. However, the presence of PCR inhibitors in beer lowers the sensitivity of PCR (2, 25) . The detection limit of PCR assays has been reported to be 1 to 10 L. brevis cells/250 ml of beer by Tsuchiya et al. (18) , 10 3 Lactobacillus plantarum cells/50 ml of beer by DiMichele and Lewis (2), and 10 1 to 10 2 Lactobacillus lindneri cells/100 ml of beer by Yasui et al. (25) . The PCR assay is labor-intensive compared to our CLEIA method, and a period of 12 h is required to obtain the results. The PCR assay seems to be limited to laboratory use at present.
The presence of microcolonies of 20 m in diameter improved the signal-to-noise ratio of the MIL method and corresponds to a 15-h incubation period at 25°C in the case of this bacterial strain. The good agreement between the MIL method and plate counts obtained from the samples of beer and pitching yeast suggests that a 10 0 level of viable L. brevis cell contaminants in a brewery sample could be detected. The complete correlation between the number and position of the luminescent spots obtained by the MIL method ( Fig. 5) with that between the microcolonies verified by microscopy directly demonstrated that a 10 0 level of viable L. brevis cell contaminates in pitching yeast could be detected. Due to the improved signal-to-noise ratio, the time periods required for antigenantibody reaction and for photon counting were reduced to 30 and 1 min, respectively. Therefore, by the MIL method, a 10 0 level of microcolonies could be detected within 2 h (15 min for the concentration of L. brevis on the membrane, 1.5 h for dilute alkali treatment of cells and antigen-antibody reaction, and 5 min for detection and quantification) after 15 h of cultivation.
When a photon-counting system is not available, our surface antigen immunodetection assay can be used for the identification of colonies formed on a nitrocellulose membrane. The colonies formed on the nitrocellulose membrane are transferred to a nucleopore membrane by replica plating. Then, without additional incubation, they are subjected to dilute alkali treatment and the antigen-antibody reaction with peroxidase-labelled group E antibody. Colonies classed as the group E lactobacilli are stained with peroxidase chromogenic substrates. This colony immunoblot method has been widely used in our breweries.
As reported in our previous study, the group E antibody reacts not only with L. brevis strains but also with Lactobacillus buchneri strains, which are beer spoilers as well (24) . Therefore, our CLEIA is capable of detecting single cells and microcolonies of both L. brevis and L. buchneri and will contribute to microbial quality assurance in the brewery. The specificity and sensitivity of this method will be useful for the rapid detection of microorganisms in medical diagnosis and the food industry.
